I. INTRODUCTION
"Sensorless" or "self-sensing" control of ac machines has been extensively researched in recent years. The cost and reliability advantages of eliminating cabling and mechanical sensors for the measurement of position, velocity, and flux has been the driving force behind this research activity.
The techniques used for the estimation of flux, position, and velocity in ac machines can be divided into two groups: 1) tracking speed dependent phenomenon (back-emf) [ 1-41 and 2) tracking spatial saliencies [5-221. Because the backemf is a speed dependent phenomenon, the methods which rely upon it to estimate flux or rotor velocity ultimately fail at low and zero speed due to a lack of signal. In addition, because these methods estimate flux or rotor velocity from the voltage and current they are very sensitive to variations of the machine parameters, especially to the rotor and stator resistances, which vary with the temperature of the windings. These approaches tend to work best for medium to high speed field orientation and adjustable speed control.
The spatial saliency tracking methods can be further subdivided into two groups depending on whether they use the fundamental excitation of the machine or a separate excitation from the fundamental excitation [9-221. Because these methods are tracking a spatial saliency they are either less sensitive or completely insensitive to parameter variations. The methods which rely upon the fundamental excitation of the machine still fail at low and zero speed due to a lack of signal. The methods which rely upon a separate excitation signal, on the other hand, have no problem with zero and low speed operation because they are not dependent upon the level or frequency of the fundamental excitation. However, the separate excitation selected also affects the 608-262-0556 Fax: 608-265-2316 Email: lorenz @ engr. wisc .edu estimation bandwidth and accuracy which can be achieved. Some techniques which function at zero speed apply discrete test voltages to the machine, stopping the fundamental excitation during the test cycles [9-131. Due to its discrete nature, the saliency position estimate must be filtered to provide estimates between test cycles. The limited test cycle time and the filtering effectively trade off noise rejection for estimation bandwidth. This drawback can be avoided by using the inverter bridge to superimpose a continuous polyphase carrier frequency signal vector (either voltage or current) on the fundamental excitation [ 14-22]. A tracking observer can then be used to continuously track the position of the spatial saliency in the machine. This technique effectively utilizes optimal noise rejection techniques taken from image processing (magnetic spatial images) to obtain high bandwidth, robust rotor position or flux estimates.
A significant limitation to the published methods for zero speed sensing, [9-221, is that they have assumed a single sinusoidally distributed spatial saliency is present in the machine. Having more than a single spatial saliency doesn't prevent any of the methods from working, but it does affect their stability, bandwidth limits, and most importantly, their estimation accuracy [21] . This paper will systematically look at the effects that multiple spatial saliencies or harmonics saliencies have on the estimation of rotor position and flux angle. It will present a model for ac machines with multiple spatial saliencies. Several methods will be presented for incorporating this saliency model into the rotor position and flux angle estimate to significantly improve the overall stability, bandwidth, and accuracy of the estimate.
FLUX AND ROTOR POSITION ESTIMATION FOR A SINGLE SALIENCY VIA CARRIER SIGNAL INJECTION
The injection of a carrier signal, in addition to the fundamental excitation, provides a persistent excitation that allows for the continuous estimation of rotor position or flux angle [14-221. One of the simplest forms of carrier signal injection is the injection of a balanced three phase voltage [14-17, 19, 21, 221 . This type of carrier signal injection will produce a carrier signal voltage vector which rotates at the carrier signal frequency, oc, (1). The carrier signal current consists of both a positive and negative sequence component relative to the stationary reference frame due to the carrier signal excitation. The positive sequence component contains no spatial information and is proportional to the average stator transient inductance. The negative sequence component contains spatial information in its phase and is proportional to the differential stator transient inductance.
To aid in the extraction of the spatial information contained in the phase of the negative sequence component of the carrier signal current it is desirable to first filter off the positive sequence component of the carrier signal current. Since the positive and negative sequence components of the carrier signal current rotate in the opposite direction, it is possible to filter off the positive sequence component by using a high-pass filter implemented in a reference frame synchronous with the positive sequence carrier [22] . A block diagram of this synchronous reference frame high-pass filter is shown in Figure 2 for implementation in a synchronous reference frame.
An equivalent form can also be implemented in the stationary reference frame Synchronous reference frame filters (or their stationary reference frame equivalents) can also be used to improve the filtering of the fundamental component of the overall stator current over the filtering which can be achieved with a single high-pass or band-pass filter. After filtering off the fundamental and carrier signal positive sequence components of the stator current, a tracking observer can be used to extract the spatial information contained in the phase of the negative sequence component of the carrier signal current. Figure 3 shows the block diagram of the tracking observer used to track rotor position when there is a rotor-position-dependent saliency present in the machine (e, = e,). The error signal which drives the tracking observer is formed by taking the vector cross-product between the estimated unit vector of the negative sequence carrier signal current vector and the measured negative sequence carrier signal current vector, (7).
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Since the phase of the negative sequence component of the carrier signal current contains the desired spatial information, the estimated negative sequence carrier signal current unit vector has to properly model the spatial phase relationship between the position of the saliency and the phase of the negative sequence carrier signal current vector. The magnitude of the measured and estimated negative sequence carrier signal current vectors merely scales the phase (tracking) error obtained from the cross-product. Because of this the estimated negative sequence carrier signal current vector can be a unit vector independent of any machine parameters.
MULTIPLE SALIENCIES MACHINE MODEL
The technique shown in the previous section assumed that there was a single, sinusoidally distributed saliency, with a period equal to a pole pitch, present in a machine. Although it is possible for a machine to have such a saliency, it is unlikely that this will be the only saliency present in a machine. The discrete nature of the machine windings, nonlinear magnetics, and manufacturing variations will always produce secondary and parasitic saliencies in a machine. Examples of some of these saliencies include statorhotor slotting, rotor eccentricity, and saturation. Beyond being additional saliencies, these saliencies also do not necessarily have a period equal to the pole pitch of the machine.
A machine with more than a single sinusoidally distributed saliency, or a non-sinusoidal saliency, can be represented by a Fourier series summation of sinusoidally distributed saliencies. When the machine is excited by a balanced, three phase, carrier signal voltage excitation, current will be induced which can be modeled by (8).
where Icni is the magnitude of the ith component of the negative sequence current, hi is the harmonic number of the sinusoidally distributed saliency causing the ith component (can be positive, negative, or zero), €lei is the angular position of the sinusoidally distributed saliency causing the ith component, and qi is the phase shift of the ith component relative to the €lei reference system. The magnitude of the individual components of the current can be approximated by (9)-( 10). where is the differential inductance associated with the ith sinusoidally distributed saliency As was the case for a single saliency, the resulting carrier signal current consists of both positive and negative sequence components. The positive sequence component contains no spatial information and is proportional to the average stator transient inductance. The negative sequence components contain the spatial information, with one component caused by each of the saliencies. The magnitude of the individual negative sequence components are proportional to the differential stator transient inductance caused by that saliency.
It should be noted that the model as presented in (8) does not make a distinction between stationary saliencies (hi = 0), rotor position dependent saliencies (Oei = e,), and flux position dependent saliencies (eei = Ob., Bei = 8 ., etc.).
As for the case of a single sinusoidally distributed saliency, the positive sequence component of the carrier signal current can be filtered off using a positive sequence synchronous reference frame filter. The interaction of the various saliencies can be seen by transforming the filtered output, i.e., the negative sequence component of the carrier signal current, to the negative sequence carrier signal synchronous reference frame. Plotting the negative sequence carrier signal current in polar form results in a pattern which is a "magnetic fingerprint" for that particular machine. From this plot it is possible to determine the number and type of saliencies present in the machine. In addition to a rotating to have a stationary saliency. The saliency is to shift the origin of the shape ve sequence carrier signal current, as two of the cases originally show in effect of a stationary saliency may be saliency, such as stator winding be caused by un-balanced excitation n the current sensors. 
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I presented in section I1 estimation errors (reduced accuracy) will result. In general, the components which make up the overall negative sequence carrier signal current vector are all in a very narrow frequency range with respect to the observer bandwidth. Because of this, the tracking observer based on a single component will lock onto the overall negative sequence carrier signal current vector instead of the modeled component of the negative sequence carrier signal current. This is especially true at low and zero speed where the components all rotate at approximately the carrier frequency. Figure 6 shows the rotation of the overall negative sequence carrier signal current vector in a reference frame synchronous with the component of the negative sequence carrier signal current which is modeled in the single component tracking observer. The differences in the phase of the overall negative sequence carrier signal current vector and the modeled single component of the negative sequence carrier signal current will cause cyclical errors in rotor or flux position estimates. Figure 7 shows the theoretical position estimate and experimentally measured position estimate for a machine with two rotor position dependent saliencies when using a tracking observer which only models the primary saliency. The machine used for the estimation in Figure 7b contained a primary saliency, h l , which was caused by deliberately modulating the width of the rotor slot openings. This created a sinusoidally distributed rotor leakage inductance variation with a period equal to the pole pitch of the machine. The secondary saliency, h2, was due to the rotor slotting (28 rotor slots). The parameters for the test machine are in section VI.
A second effect of multiple saliencies, in addition to the estimation error, is to cause the dynamics of the tracking observer to be rotor or flux position variant. The cause of this variation can be seen in Figure 6 , where the magnitude of the overall negative sequence carrier signal current vector varies as the saliencies rotate. Since the single saliency tracking observer uses an error signal which is proportional to the magnitude of the signal being tracked, the effective gain of the tracking observer will vary as the saliencies rotate.
From the plots of estimated rotor position in Figure 7 , it may appear that a simple correction function or lookup There are several ways that the tracking observer can be modified to improve its estimation accuracy. The following section looks at several of these alternatives.
A. Stationary Saliency Decoupling Before looking at the case of multiple rotating saliencies it is instructive to look at the case where a machine has a single sinusoidally distributed rotating saliency and a stationary saliency. Recalling from Figure 5 , the effect of a stationary saliency was to shift the trajectory of the negative sequence carrier signal current away from the origin in the negative sequence carrier signal synchronous reference frame. Since the saliency is stationary, and its phase and magnitude do not vary with rotor or flux position, the effects of a stationary saliency are most easily eliminated by decoupling the component of the negative sequence carrier signal current vector associated with it. The block diagram of the tracking observer which decouples a stationary saliency is shown in Figure 8 .
It should be noted that exact decoupling of the stationary saliency isn't necessary to dramatically improve the flux or rotor position estimation accuracy and stability. Decoupling 
B. Rotating Saliency Decoupling
The decoupling of the stationary saliency can be extended to the case where the machine has two rotating saliencies as shown in Figure 9 . The stationary saliency decoupling has been omitted for clarity. Figure 9 deliberately does not make a distinction between which of the two saliencies is decoupled and which is tracked.
Depending on the relative magnitudes of the two saliencies, one of the two may be optimally selected for decoupling. The saliency to decouple can be determined by developing the operating point model for the generic case of decoupling and then choosing the salic local stability of the ot locally stable the par respect to the estim, negative (i.e. negative Although only show the decoupling techni there are more than decouple which guarantees the For the tracking observer to be vative of the error term with or position must always be ase of two rotating saliencies e extended to cases where terms is the reduction operating point dependency of the tracking observer ( s. The vector cross-product is inexact some operatin; will be significantly r with no decoupling. dependency will remain, but it in magnitude when compared sequence carrier signa rotor position on a mac saliencies.
nt vector for the estimation of ith two rotor position dependent Since the saliency overall negative seq correctly, but not its the tracking observer i number of parameters done for the decouplii stability of the tracking analysis can be used to in Figure 10 is locally table could be used to determined by calculating Figure 10 is normalized to reduce the estimates which are required. As was g form of tracking observer, the local observer shown in Figure 10 can be show that when the tracking observer stable, a correction function or lookup correct for the estimation error caused its operating point model. Such ~ I 765 by the second saliency. Since a lookup table or correction function would, in general, be easier to implement, it is less practical to use the tracking observer shown in Figure 10 .
By adding an offset vector to the overall negative sequence carrier signal current vector it is possible to stabilize the observer shown in Figure 10 over a wider range of saliency ratios. This modified form of the multiple saliency tracking observer is shown in Figure 11 . Analysis of the operating point model can be used to show that by adding the offset vector the multiple saliency tracking observer can be stabilized for any magnitude of saliencies.
Unlike the decoupling form of tracking observer, the dynamics of the multiple saliency tracking observer are operating point variant. The reason for the operating point dependency is the magnitude variation of the overall negative sequence carrier signal current vector. By decoupling all of the components, except for one, the decoupling form of tracking observer prevents the magnitude variation from affecting the gain of the observer. The multiple saliency form of tracking observer, on the other hand, does nothing to counteract the magnitude variations and its operating point eigenvalues will migrate as a result. Without further modifications the multiple saliency tracking observer will have inferior dynamics characteristics when compared with the decoupling form of tracking observer.
VI. EXPERIMENTAL RESULTS
The decoupling form of tracking observer was implemented on a induction machine with the parameters shown in Table 1 using a Motorola 56000 dsp.
The machine used for the testing had two rotor position dependent saliencies present. The first saliency had a period equal to the pole pitch of the machine (hl=2) and was created by modifying the rotor slot openings in a sinusoidal pattern with a maximum slot width to minimum slot width ratio of 5.
The second saliency had a period equal to the rotor slot pitch (h2 = 14) and was caused by the rotor slotting. Figure 12 shows the effects of decoupling on the negative sequence component of the carrier signal current in a negative sequence carrier signal synchronous reference frame. Figure 12a shows the overall negative sequence carrier signal current before any decoupling has been performed. Figure   12b shows the results of decoupling the stationary saliency. Figure 12c shows the results of decoupling the first saliency, hl. The first, or larger, saliency was decoupled in order to ensure local stability.
With the tracking observer properly tuned, comparison of the estimated and measured rotor position was performed without any fundamental excitation present in the machine. Figures 13 shows the estimated rotor position as a function of the actual rotor position. Comparison of Figure 13 with Figure 7b shows the improvement obtained in the rotor position estimate by properly incorporating the knowledge of the major saliencies present in the machine. Figure 14 shows an overlay of the estimated and measured rotor position for variations in the rotor speed. For both plots in Figure 14 the machine started out at zero speed accelerated to a constant negative speed then to a constant positive speed and back to zero speed. From Figure   14 it is apparent that the rotor position estimate tracks the measured rotor position quite accurately through speed transients and at zero speed. Experimental results for higher speeds were not included since the position estimate does not degrade as the speed increases and the low speed operation was felt to be most critical. Figure 15 shows the estimated and measured rotor position for the machine under indirect field orientation using the estimated rotor position. The test motor produced a constant torque equal to 5% of rated while the dynamometer, which was under speed control, stepped from 0 rpm to -5 rpm and 
